University of Alabama in Huntsville

LOUIS
Theses

UAH Electronic Theses and Dissertations

2015

Limb correction of individual infrared channels for the improved
interpretation of RGB composites
Nicholas J. Elmer

Follow this and additional works at: https://louis.uah.edu/uah-theses

Recommended Citation
Elmer, Nicholas J., "Limb correction of individual infrared channels for the improved interpretation of RGB
composites" (2015). Theses. 103.
https://louis.uah.edu/uah-theses/103

This Thesis is brought to you for free and open access by the UAH Electronic Theses and Dissertations at LOUIS. It
has been accepted for inclusion in Theses by an authorized administrator of LOUIS.

LIMB CORRECTION OF INDIVIDUAL INFRARED
CHANNELS FOR THE IMPROVED INTERPRETATION
OF RGB COMPOSITES

by

NICHOLAS J. ELMER

A THESIS

Submitted in partial fulfillment of the requirements
for the degree of Master of Science in Atmospheric Science
in
The Department of Atmospheric Science
to
The School of Graduate Studies
of
The University of Alabama in Huntsville

HUNTSVILLE, ALABAMA
2015

In presenting this thesis in partial fulfillment of the requirements for a master's de
gree from The University of Alabama in Huntsville, I agree that the Library of this
University shall make it freely available for inspection. I further agree that permis
sion for extensive copying for scholarly purposes may be granted by my advisor or,
in his/her absence, by the Chair of the Department or the Dean of the School of
Graduate Studies. It is also understood that due recognition shall be given to me
and to The University of Alabama in Huntsville in any scholarly use which may be
made of any material in this thesis.

:;/:).7115
( date)

ii

THESIS APPROVAL FORM
Submitted by Nicholas J. Elmer in partial fulfillment of the requirements for the de
gree of Master of Science in Atmospheric Science in Atmospheric Science and accepted
on behalf of the Faculty of the School of Graduate Studies by the thesis committee.
We, the undersigned members of the Graduate Faculty of The University of Alabama
in Huntsville, certify that we have advised and/ or supervised the candidate of the
work described in this thesis. We further certify that we have reviewed the thesis
manuscript and approve it in partial fulfillment of the requirements for the degree of
Master of Science in Atmospheric Science in the Department of Atmospheric Science.

-�..--U--1..4.�_____v:=:.,�--'����::M.e:...:........:--=3-2..... ---=3�0�-_!_-) 5 Committee Chair
(Date)

3-27- -ZO( s·
(Date)

3 -3 I .,.-�o J�
Dr. Udaysankar Nair

(Date)

(Date)

Dr. Sundar Christopher

(Date)

Department Chair

College Dean

Graduate Dean

iii

ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville
Degree

Master of Science

College/Dept. Science/Atmospheric Science

in Atmospheric Science
Name of Candidate
Title

Nicholas J. Elmer

Limb Correction of Individual Infrared Channels
for the Improved Interpretation of RGB Composites

Red-Green-Blue (RGB) composites combine information from several spectral
channels into one composite image, enabling forecasters to make decisions in a more
efficient and timely manner. However, the limb effect, a result of an increasing optical path length of the absorbing atmosphere as view angle increases, interferes with
the qualitative interpretation of RGB composites. Additionally, subtle channel differences between sensors make the comparison of similar composites from multiple
sensors difficult. Infrared channels can be corrected for limb effects using latitudinally
and seasonally varying limb correction coefficients, which account for an increasing optical path length, in order to produce corrected RGB composites. This study develops
a technique to correct for limb effects and demonstrates the improved functionality of
corrected Air Mass, Dust, and Night Microphysics RGB composites through multiple
case studies. Corrected RGB composites provide multiple advantages over uncorrected RGBs, including improved situational awareness and increased confidence in
the interpretation of RGB features.
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CHAPTER 1

INTRODUCTION

1.1

Problem

Current multispectral and hyperspectral satellite sensors monitor channels in
both visible and infrared (IR) wavelengths to gather useful information about the
Earth system, including atmospheric and surface conditions. Future satellites will
continue to expand upon these capabilities by monitoring additional spectral channels.
Operational forecasters rely heavily on satellite data in their decision-making process,
but have very limited time to dedicate to interpreting imagery. Therefore, with an
increasingly vast amount of imagery available, it is incredibly difficult for forecasters
to use the information from all of these channels operationally. Red-Green-Blue
(RGB) composites address this issue by combining information from several channels
into one composite image. Furthermore, RGB composites are designed to address a
specific forecast problem, such as airborne dust, low-level clouds and fog, or general
airmass characteristics, enabling forecasters to quickly ascertain the information they
need. Since RGB composites contain more qualitative information about the state of
the atmosphere than visible or IR imagery alone, forecasters only need to interpret a
single composite image to gather the same information contained in several separate
1

IR channels. Therefore, RGB composites aid operational forecasters in quick, realtime analysis, enhancing situational awareness and allowing them to make decisions
in a more efficient and timely manner.
The Geostationary Operational Environmental Satellite (GOES) R-Series (GOESR) Advanced Baseline Imager (ABI), which will be launched in 2016, has the capability to produce high spatial and temporal resolution RGB composites. Ideally,
forecasters will start incorporating GOES-R ABI RGB imagery into their decisionmaking process as soon as the satellite imagery is available, but in order to do so,
they must first have sufficient training and experience in interpreting RGB composites. RGB composites currently derived from polar-orbiting satellite sensors, such as
Aqua and Terra Moderate Resolution Imaging Spectrometer (MODIS), already provide high spatial resolution observations and can act as a proxy for future GOES-R
RGB products. Unfortunately, due to orbit characteristics and view geometries, IR
imagery from polar-orbiting satellites is significantly and adversely affected by an atmospheric effect known as limb-cooling. Limb-cooling, or the limb effect, results from
an increasing optical path length of the absorbing atmosphere as satellite view angle
increases (Goldberg et al., 2001). The limb effect typically causes anomalous cooling
up to 4-11 K at edge of the satellite swath (Liu and Weng, 2007), resulting in features
at the limb appearing colder than if the same feature were observed at nadir. When
IR channels are combined into a RGB composite, the limb effect prevents the correct interpretation of atmospheric features on the limb, leading forecasters and other
product users to interpret these features with very low confidence, or even misinterpret the features altogether. As a result, RGB composites created from IR channels
2

not corrected for limb effects can only be reliably interpreted close to nadir, which
further reduces the coverage of an already temporally and spatially limited product.
Additionally, polar-orbiting satellites have very low temporal resolution, typically observing a single point on earth twice per day. Since most meteorological
phenomena occur on much shorter timescales, forecasters often use RGB composites
from multiple sensors jointly for analysis to improve the temporal frequency of observations. However, subtle channel differences between sensors (CDBS) can result in
brightness temperature differences (BTD) that are sometimes significant and make
the comparison of RGB composites from multiple sensors difficult. In fact, the RGB
products from different sensors can often appear markedly different, making it difficult
to determine whether differences between RGB composites are due to atmospheric
changes or simply a result of CDBS. As a result of limb-cooling and CDBS issues
in RGB composites, forecasters simply cannot use RGB composites effectively and
take advantage of the benefits that RGB composites have to offer. Therefore, to fully
exploit the advantages of RGB composites, it is necessary to correct the individual
IR channels for limb effects and CDBS prior to creating the composites.

1.2

Hypothesis and Research Objective

In order to create high quality RGB composites, limb effects must be removed
from individual IR channels. It is hypothesized that limb effects can be corrected in
IR imagery using limb correction coefficients that account for an increase in optical
path length and changes in airmass characteristics, such as temperature and water
vapor content. In addition to developing a limb correction technique to remove limb
3

effects from IR imagery, a technique for determining and correcting for CDBS will
be developed. Correcting individual IR channels for limb effects will allow for the
production of corrected RGB composites, which will better represent the atmosphere
and enable the improved interpretation of RGB composites. The improved functionality of limb- and CDBS corrected RGB composites will be demonstrated through
the use of multiple case studies.

4

CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1

Satellite Sensors

The GOES satellites and the European Space Agency Meteosat-10 are geostationary satellites in orbit 35,800 km above the equator. Due to the high orbit,
geostationary satellites can observe nearly an entire hemisphere of the Earth. In
the attempt to provide global geostationary satellite coverage, Meteosat-10 is located at 0◦ to observe Africa and Europe, while the GOES satellites are located at
75◦ W (GOES-East) and 135◦ W (GOES-West) to observe the Americas. Although
the current GOES satellites do not have the imaging capabilities that Meteosat-10
Spinning Enhanced Visible and Infrared Imager (SEVIRI) possesses, GOES-West will
be replaced by GOES-R in 2016, which, as previously mentioned, will have the capability to produce high spatial and temporal resolution multispectral imagery, such as
RGB composites, similar to what SEVIRI currently produces (EUMETSAT, 2015b).
Therefore, SEVIRI imagery provides a good indication of what GOES-R ABI imagery
will look like. SEVIRI is an imaging radiometer with four visible and near-IR channels, including a high-resolution visible channel, as well as eight IR channels ranging
from 3.48 µm to 14.4 µm (bands 4–11; Figure 2.1a). GOES-R ABI has a total of 16
5

channels, ten of which are IR channels ranging from 3.8 µm to 13.6 µm (Figure 2.1b).
GOES-R ABI has IR channels comparable to all eight SEVIRI IR channels plus two
additional channels, band 9 and band 13.
RGB composites are currently being derived from polar-orbiting satellite sensors, such as Terra and Aqua MODIS (NASA SPoRT, 2012a,b,c) and are being used to
prepare for the GOES-R era. The Terra and Aqua satellites are in a sun-synchronous,
near-polar, circular orbit at an altitude of approximately 705 km. In this orbit, the
descending node of Terra occurs at 10:30 a.m. local solar time, and the ascending node of Aqua occurs approximately 3 hours later at 1:30 p.m. local solar time.
MODIS has a swath that is 2330 km wide, which relates to a 110◦ field of view and
a maximum view angle of ±55◦ from nadir. MODIS is a cross-track scanner consisting of 36 channels, with 16 IR channels (bands 20–25, bands 27–36) ranging from
3.66 µm to 14.4 µm. A selection of MODIS IR channels are listed in Figure 2.1c
alongside the corresponding SEVIRI and GOES-R ABI channels. Note that since
MODIS has more IR channels than SEVIRI or GOES-R ABI, the spectral resolution
of the MODIS channels is higher than for the SEVIRI and GOES-R channels. Even
though the MODIS, SEVIRI, and GOES-R ABI channels are not exactly the same,
they are similar, in that comparable bands between all three sensors can be identified
and grouped together. These groups are numbered in sequential order in Figure 2.1
to allow for easy reference in this section and later sections.
The location of the bands listed in Figure 2.1 with respect to the atmospheric
absorption spectrum is shown in Figure 2.2. The Group 1 channels are located in
the shortwave window of approximately 3.7 µm. These channels measure both solar
6

Figure 2.1: Aqua/Terra MODIS (subset), Meteosat-10 SEVIRI, and GOES-R ABI
IR channels. Wavelengths are listed in µm. Comparable sensor channels are listed in
the same row and assigned a group number.

Figure 2.2: Comparison of IR channels from GOES-R ABI (green), MODIS (blue),
and SEVIRI (orange) with respect to the atmospheric absorption spectrum.

7

reflection and terrestrial emission. For surfaces with low reflectance at these wavelengths, such as ice clouds, land, and snow cover, the magnitudes of solar reflection
and terrestrial emission are nearly equal; for highly reflective features, such as water clouds, the solar reflection is a much greater contributor (Allen et al., 1990; Lee
et al., 1997). Additionally, water clouds have a much lower emissivity at 3.7 µm than
at 10.8 µm, which is why the BTD between these two wavelengths can be used to
identify low clouds and fog (Lee et al., 1997). Since the Group 1 channels are often
saturated by solar reflectance during the day, they are typically only used at night.
The Group 2 and Group 3 channels are located within a water vapor absorption
band ranging from approximately 5.6 to 7.3 µm. These channels can therefore be
used to detect water vapor content at different atmospheric levels. The Group 5
channels are located in the ozone absorption band at approximately 9.6 µm and detect
total column ozone. Groups 4, 6, and 7 are located in the atmospheric windows at
approximately 8.7 µm, 10.8 µm, and 12.0 µm, respectively, and are primarily used
to detect land and sea surface temperature (clear scenes) or cloud top temperature
(cloudy scenes). The application of these bands in creating RGB composites will be
discussed in Section 2.2.

2.2

RGB Composites

RGB composites combine information from several channels into a single composite image, and therefore contain more qualitative information than single channel
imagery (EUMETSAT, 2015b). Additionally, RGB composites are designed to address a specific forecast problem, such as airborne dust, fog and low clouds, or rapid
8

cyclogenesis, aiding forecasters in the analysis of atmospheric features and allowing them to make decisions in a more efficient and timely manner. The National
Aeronautics and Space Administration (NASA) Short-term Prediction Research and
Transition (SPoRT) Center (Goodman et al., 2004) produces several RGB composites in real-time using European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) RGB recipes (EUMETSAT, 2015b). The RGB recipes assign specific IR channels or channel differences to red, green, and blue colors, which,
when combined together into a false color RGB composite, enhances features pertaining to a certain forecast challenge, since each feature is identified by a unique RGB
color combination.
The Air Mass, Dust, and Night Microphysics/Fog-Low Cloud (NTM) RGB
composites were selected for this study based on end user feedback gathered from
personally interviewing National Weather Service forecasters, reading blog posts on
the Wide World of SPoRT blog1 that identified limb effect issues in these products,
and consulting SPoRT staff that regularly work with and transition SPoRT products
to Weather Forecasting Offices (WFOs) and National Centers. Therefore, these RGB
composites present the greatest need for a limb correction technique and are utilized most often by National Weather Service end users and the broader operational
weather community. The Air Mass, Dust, and NTM RGB composites are designed
to aid forecasters in identifying temperature and moisture air mass characteristics,
airborne dust, and fog and low clouds, respectively.
1

https://nasasport.wordpress.com/
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The Air Mass RGB composite assists in the detection of synoptic and mesoscale
features, such as jet streaks, potential vorticity anomalies, rapid cyclogenesis, frontal
systems, and upper-air water vapor content, which is useful in hurricane forecasting,
identifying non-convective high winds associated with stratospheric intrusions (Zavodsky et al., 2013), and forecasting other potentially hazardous weather conditions
(NASA SPoRT, 2012a; EUMETSAT, 2015a). In order to retrieve this information,
the EUMETSAT Air Mass RGB recipe (Figure 2.3) combines the channels from
Groups 2, 3, 5, and 6 (e.g., SEVIRI channels 5 (6.2 µm), 6 (7.3 µm), 8 (9.7 µm),
and 9 (10.8 µm)) to produce a RGB composite like the ones shown in Figure 2.4.
The Group 2 (6.2 µm) and Group 3 (7.3 µm) channels are sensitive to atmospheric
moisture content from roughly 500-200 hPa and 700-400 hPa, respectively, giving
useful insight into vertical water vapor content (EUMETSAT, 2015a). The Group 2
channel minus the Group 3 channel BTD is assigned to the red color in the Air Mass
RGB, so that a small red contribution in the final RGB composite indicates moist
upper-level conditions, and a large contribution indicates dry upper-level conditions
(NASA SPoRT, 2012a). The Group 5 (9.7 µm) channel is sensitive to atmospheric
ozone, which can be differenced with the Group 6 (10.8 µm) window channel to distinguish between ozone-rich, polar airmasses and ozone-poor, tropical airmasses using
tropopause height (EUMETSAT, 2015a). The Group 5 channel minus the Group 6
channel BTD is assigned to the green color in the Air Mass RGB, so that a small
green contribution indicates a low tropopause height typical of polar airmasses, and
a large green contribution indicates a high tropopause height typical of tropical and
subtropical airmasses (NASA SPoRT, 2012a). The blue component is simply the
10

Figure 2.3: EUMETSAT Air Mass RGB Recipe (EUMETSAT, 2015b; NASA
SPoRT, 2012a).

inverse of the Group 2 channel, so that a small blue contribution indicates a warm
brightness temperature (TB ) and dry upper levels, and a large blue contribution indicates a cold TB and moist upper levels (NASA SPoRT, 2012a). Using these channel
combinations, the final RGB composite identifies potential vorticity (PV) anomalies,
jet streaks, stratospheric intrusions, and regions of large-scale subsidence as red; cold,
ozone-rich air masses as blue and purple; warm air masses with high upper tropospheric humidity as green; and warm air masses with low upper tropospheric humidity
as olive. Thick high level clouds are white and thick mid-level clouds are pink, yellow,
or salmon-colored (EUMETSAT, 2015a). Several of these features are identified in
Figure 2.4.
The EUMETSAT Dust RGB recipe combines channels from Groups 4, 6, and
7 (e.g., SEVIRI channels 7 (8.7 µm), 9 (10.8 µm), and 10 (12.0 µm)) to create the
Dust RGB (Figure 2.5. The Dust RGB identifies dust plumes in the lower atmosphere,
which often resemble cirrus clouds on visible or IR imagery (NASA SPoRT, 2012b).
Aviation forecasts require knowledge of airborne dust since it significantly decreases
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(a)

(b)

Figure 2.4: 27 October 2012 (a) Terra MODIS (0305 UTC) and (b) Aqua MODIS
(0725 UTC) Air Mass RGB composites showing a developing Hurricane Sandy. Several Air Mass RGB features are indicated by the colored arrows. Note the significant
color differences between the regions in the red boxes (Elmer et al., 2015).

atmospheric visibility and poses a threat to both airplane machinery and pilot safety.
Additionally, blowing dust is a health hazard to the general public, especially those
with respiratory concerns. The Dust RGB assigns the BTD between Groups 6 and 7
(12.0 µm minus 10.8 µm) to the red component which is physically related to optical
thickness (EUMETSAT, 2015c; NASA SPoRT, 2012b). A small red contribution
(negative BTD) indicates thin clouds, while a large red contribution (positive BTD)
indicates thick clouds or airborne dust (NASA SPoRT, 2012b). The green component
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Figure 2.5: EUMETSAT Dust RGB Recipe (EUMETSAT, 2015b; NASA SPoRT,
2012b).

is comprised of the BTD between Groups 6 and 4 (10.8 µm minus 8.7 µm), which
is related to cloud water phase (EUMETSAT, 2015c; NASA SPoRT, 2012b). A
small green contribution indicates clouds with ice particles or particles with similar
characteristics, while a large green contribution indicates high clouds over desert
regions (NASA SPoRT, 2012b). The blue component is simply the Group 6 channel
TB , which indicates a warm surface with a stronger blue coloring (NASA SPoRT,
2012b). In the Dust RGB composite, dust is indicated by magenta (see Figure 2.6),
but the color may be different shades of pink depending on the height and time of
day. Cold, thick, high-level clouds are deep red; thin cirrus or contrails are black;
thick, mid-level clouds are brown; thin, mid-level clouds are green; low-level clouds
in a cold atmosphere are yellow; and low-level clouds in a warm atmosphere are
pink-purple (EUMETSAT, 2015c). The Dust RGB has been used to track Saharan
dust propelled by the easterlies towards North America, which may have implications
in Atlantic hurricane development and intensification as well as climate variability
(Braun, 2010; Prospero and Mayol-Bracero, 2013).
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(a)

(b)

Figure 2.6: 18 March 2014 (a) Terra MODIS (1810 UTC) and (b) Aqua MODIS
(1945 UTC) Dust RGB composites indicating airborne dust (magenta) over the Texas
panhandle (Elmer et al., 2014).

The NTM RGB enables cloud analysis through the detection of low stratus, fog, contrails, and snow (NASA SPoRT, 2012c). Identifying cloud height and
thickness is important for aviation and marine visibility forecasts and precipitation
forecasts. The only difference between the NTM and Dust RGB recipes is that the
3.7 µm shortwave window channel (Group 1), which is ideal for distinguishing low
clouds and fog from the surface at night, replaces the 8.7 µm channel (Group 4;
Figure 2.7). As mentioned in Section 2.1, since the 3.7 µm channel is saturated by
solar reflectance during the day, the NTM RGB is used primarily for nighttime ob-
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Figure 2.7: EUMETSAT Night Microphysics/Low Clouds RGB Recipe (EUMETSAT, 2015b; NASA SPoRT, 2012c).

servation of low clouds and fog. The red component of the NTM RGB approximates
cloud height using the split window 12.0 µm (Group 7) minus 10.8 µm (Group 6)
BTD. The green component is approximated by the 10.8 µm (Group 6) minus 3.7 µm
(Group 1) BTD and related to cloud water phase and droplet size. The cloud top
or surface temperature (depending on the presence of cloud) is given by the Group 6
channel for the blue component (EUMETSAT, 2015d). The color of fog in the NTM
RGB depends on the depth of the fog layer and the temperature contrast between
the fog cloud top and the underlying surface (NASA SPoRT, 2012c). Therefore, as
the surface temperature warms and the blue contribution increases, the color of fog
changes from light green to light blue. Cold, thick, high clouds are deep red; thin
cirrus are black or dark navy; thick, mid-level clouds are beige; thin, mid-level clouds
are green; low stratus or fog in a cold atmosphere are light green; and low stratus
or fog in a warm atmosphere are light blue (EUMETSAT, 2015d). Several of these
features are shown in Figure 2.8.
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(a)

(b)

Figure 2.8: 6 October 2014 (a) Terra MODIS (0505 UTC) and (b) Aqua MODIS
(0740 UTC) Night Microphysics RGB composites indicating the presence of fog and
low clouds over Texas (light blue) and central North Dakota (light green).

2.3

Channel Differences Between Sensors (CDBS)

RGB composites from both Terra and Aqua MODIS are often used jointly for
analysis, rather than relying solely on the two daily overpasses from a single instrument, to provide a more temporally continuous product and better track atmospheric
features over time. Additionally, MODIS RGB composites are used in tandem with
RGB composites from SEVIRI and in the future from GOES-R ABI, since polarorbiting satellites provide coverage in polar-regions where geostationary satellite data
is not available. However, as shown in Figures 2.1 and 2.2, Terra and Aqua MODIS
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have different channels than SEVIRI or GOES-ABI channels due to subtle differences
in spectral response. Even though the channels are generally comparable, CDBS results in each sensor measuring a slightly different TB for the same scene. CDBS can
interfere with qualitative interpretation of RGB composites, causing RGBs derived
from multiple sensors to appear different and making it difficult to determine whether
changes in RGB features from sensor to sensor are due to atmospheric changes or simply a result of slightly different spectral responses of each sensor.
Figure 2.2 demonstrates why CDBS can lead to RGB composites that qualitatively vary from sensor to sensor. As shown by the absorption spectrum, atmospheric
absorption is strongly dependent on wavelength, so that a small change in wavelength
can result in a large change in atmospheric absorption. For example, at 3.7 µm, atmospheric absorption is approximately 25%, but at 3.9 µm, atmospheric absorption
is approximately 10%. Therefore, since MODIS band 20 is centered at 3.7 µm, while
SEVIRI band 4 and GOES-R ABI band 7 are centered near 3.9 µm, these slight
differences between sensor channels can lead to noticeable differences in measured TB
of the same scene.
Previous studies have investigated CDBS in order to compare data from multiple polar-orbiting satellite sensors. Typically, this is done using coincident satellite
pairs, where two sensors observe the same point from similar view angles (Joyce and
Arkin, 1997; Liu and Weng, 2007). Cao et al. (2004) developed a method to calibrate polar-orbiting satellites by using simultaneous nadir overpasses, which often
occur near the poles. They used AVHRR as a transfer radiometer to evaluate the
calibration consistency between Terra and Aqua MODIS. Wu et al. (2012) also used
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simultaneous nadir overpasses to perform a calibration assessment between MODIS
and AVHRR, and found that differences in TB between sensors are dependent on
the actual temperature of the atmosphere and surface. Additionally, Doelling et al.
(2004) calibrated MODIS with SEVIRI using ray-matching techniques. They found
that at 3.9 µm, SEVIRI TB s are much colder than MODIS by an average of 6.7 K
for Terra and 6.8 K for Aqua. At 11.7 µm, SEVIRI is warmer than MODIS by an
average of 1.9 K for Terra and 1.7 K for Aqua.
The effect of CDBS between the Aqua MODIS 6.7 µm channel and the SEVIRI
6.2 µm channel is shown in Figure 2.9. The Aqua MODIS and SEVIRI observations
are separated by less than 10 minutes at the shared nadir points, so atmospheric
and surface changes between observations are minimal. This figure was created by
interpolating both datasets to the same spatial resolution, remapping to the same
projection, and then subtracting the SEVIRI 6.2 µm TB from the Aqua MODIS 6.7
µm TB at common points. Since they share the same nadir point near the equator,
atmospheric effects are equal for both sensors at this location, and any differences in
TB between the two sensors can be attributed solely to CDBS. Note that the Aqua
MODIS 6.7 µm channel is several Kelvin warmer than the SEVIRI 6.2 µm channel at
the shared nadir point. This value accounts for the CDBS between the Aqua MODIS
and SEVIRI water vapor channels. Figure 2.9 also shows a decrease in Aqua MODIS
measured TB from nadir to the limb due to limb effects, which will be discussed
further in Section 2.4.
Not only do subtle channel differences exist between MODIS and geostationary sensors, but channel differences also exist between Terra and Aqua MODIS due
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Figure 2.9: 0130 UTC 29 October 2014 brightness temperature difference between
the Aqua MODIS 6.7 µm channel and the SEVIRI 6.2 µm channel. Warm colors
indicate where Aqua MODIS measures a TB warmer than SEVIRI, while cool colors
show where Aqua MODIS measures a TB cooler than SEVIRI (Elmer et al., 2015).

to slight calibration differences, uneven sensor aging, and the fact that the optical
receptors cannot be duplicated exactly on both instruments. The impact of CDBS is
demonstrated in Figure 2.6, where noticeable color discrepancies between the Terra
and Aqua MODIS Dust RGBs exist due to calibration differences and temporal separation, during which surface warming occurs. Note that the Terra MODIS Dust RGB
(Figure 2.6a) contains more red coloring and less blue coloring than the corresponding Aqua MODIS Dust RGB (Figure 2.6b). This poses a problem to forecasters,
since they do not know whether the Aqua MODIS Dust RGB contains less red than
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the Terra MODIS Dust RGB due to surface warming and a reduction in high, thick
clouds, or due to CDBS between Terra and Aqua MODIS channel 29 (8.7 µm).

2.4

Limb Effect

The limb effect, or limb-cooling, is a result of an increasing optical path length
of the absorbing atmosphere as satellite view angle increases (Goldberg et al., 2001).
A longer optical path length contains more greenhouse gas molecules, such as water
vapor and ozone, which causes greater atmospheric absorption of IR radiation. As
a result, the measured TB for a scene at a large view angle will be lower than the
measured TB for the same scene at nadir, often by 4-11 K (Liu and Weng, 2007).
The view angle geometry in Figure 2.10 demonstrates how the optical path length
increases as satellite view angle increases, due to both an lengthened line of sight and
the curvature of the Earth. Note that the satellite view angle (θS ) and the satellite
zenith angle (θZ ) are related through the law of sines by


sin θZ =

R+h
R


sin θS ,

(2.1)

where R is the radius of the Earth and h is the satellite altitude.
The limb effect poses a significant problem for IR imagery derived from polarorbiting satellite sensors, since the optical path length rapidly increases over relatively
short ground distances of less than a few hundred kilometers. Most synoptic features
are on spatial scales of 100–1000 km, so the limb effect can cause synoptically-related
RGB features, separated by only a few hundred km, to appear as different colors in
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Figure 2.10: Satellite view geometry. θS is the satellite view angle, θZ is the satellite
zenith angle, xθS is the optical path length at θS , x is the optical path length at nadir,
and h is the satellite altitude. Note that as θS increases, xθS increases, which results
in anomalous cooling at the limb in IR imagery. (Not to scale; based on geometry
discussions in JCSDA (2013)).

the RGB composite, making interpretation very difficult. For this reason, uncorrected
RGB composites can only be reliably interpreted close to nadir, where the limb effect
is minimal. However, for geostationary satellites, the change in optical path length
is very gradual and occurs over a distance of 10,000 km, which is much larger than
any synoptic features. Therefore, individual RGB features appear as a single color in
RGB composites. Additionally, it can be assumed that IR imagery from geostationary
satellites has no limb-cooling within 30◦ longitude from the nadir point, since the
change in optical path length is small within this range.

21

An example of limb-cooling in single channel imagery can be seen in Figure 2.9, which shows a clear negative gradient in the BTD from nadir to the limb.
Since SEVIRI maintains a nearly constant optical path length over this distance, it
can be assumed that this BTD is due entirely to limb-cooling in the Aqua MODIS
water vapor channel. Limb-cooling can lead forecasters to misinterpret, or interpret
with very low confidence, RGB features at large view angles in RGB composites derived from polar-orbiters. Figure 2.4 demonstrates the challenge of interpreting RGB
composites that have not been corrected for limb-cooling. The feature in the red
box in Figure 2.4 is located on the limb of the Terra MODIS Air Mass RGB, and is
therefore being viewed at a large view angle. This feature is characterized by little
to no green contribution, implying a low tropopause height, and a large contribution
of red and blue, indicating very little moisture and cold surface temperatures. As a
result, this feature appears to be cold, dry air. However, when the same feature is
observed at nadir in the Aqua MODIS Air Mass RGB (Figure 2.4b), it can correctly
be interpreted as warm, tropical air. Therefore, for the correct interpretation of RGB
composites, IR imagery must be corrected for limb effects.
In the past few decades, multiple studies have developed limb correction
methodologies to account for limb effects in satellite imagery. One of the first limb correction methodologies was developed by Lienesch and Wark (1967), who conducted a
statistical analysis on IR radiance data from the first weather satellite, TIROS (Television Infrared Observation Satellite), as a function of latitude and season to correct
the observed IR limb-cooling. They developed a generalized, fourth-order polynomial
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limb correction,



 δ(t, φ)
Iφ (θ) = Iφ (0) 1 + aθ + bθ + cθ + dθ
,
δ0


2

3

4

(2.2)

as a function of view angle, season, and latitude to retrieve the final, corrected radiance. In Equation 2.2, Iφ is the IR radiance at latitude φ, θ is the view angle, t is time,
δ0 is the mean of the data values, and a, b, c, d are the least square fit parameters.
Lienesch and Wark (1967) found that limb-cooling causes the measured surface
and atmospheric TB s to vary significantly with latitude and season, since tropical and
polar regions exhibited greater limb-cooling than temperate regions. In some cases,
data from the same season did not agree, but this inconsistency was attributed to
a change in satellite altitude during the data period, indicating that limb correction parameters may vary between polar-orbiting and geostationary satellites due to
differences in satellite altitude.
Koehler (1989) evaluated the impact of limb effects on TIROS-N Microwave
Sounding Unit (MSU) observations. Microwave channels are sensitive to the surface,
similar to IR window channels. Consequently, separate sets of coefficients were derived
for land and water profiles. Using the NESDIS (National Environmental Satellite,
Data, and Information Service) MSU limb correction technique, statistical coefficients
were determined to correct measured TB s at particular view angles to nadir with a
surface emissivity of one.
Several studies used the GOES 6.7 µm water vapor channel to describe how
an increased path length due to limb effects affects satellite water vapor imagery, and
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demonstrated that correcting for these effects greatly improves the interpretation of
water vapor imagery (Soden and Bretherton, 1993, 1996; Soden, 1998; Moody et al.,
1999). These studies found that for water vapor imagery, the limb effect is linearly
related to the natural logarithm of the cosine of θZ .
Joyce and Arkin (1997) corrected for limb effects in an effort to improve estimates of precipitation using the GOES Precipitation Index. Using a colocated
satellite pair of GOES satellites, in which one measurement was near-nadir (satellite zenith angle less than 26.5◦ ) and the other measurement was on the limb, they
were able to determine the magnitude of limb-cooling as view angle increases and
perform the limb correction. In addition to view angle corrections, it was necessary to perform an intersatellite calibration to correct CDBS, so that the limb effect
could be accurately determined. The limb-corrected GPI estimates showed fewer and
less noticeable longitudinal discontinuities than the original and led to considerable
reductions in precipitation estimates over certain regions.
Joyce et al. (2001) studied the latitudinal and seasonal dependence of the limb
effect in GOES IR TB s. Using colocated satellite pairs, they studied the contributions
of view angle, season, latitude, and cloud cover to the overall limb effect. In order to
perform a latitudinal and seasonal correction, Joyce et al. (2001) compared the ratio
of the summed differences in uncorrected IR TB s (IRlimb − IRnadir ) to the summed
differences in corrected IR TB s (IRcorrlimb − IRcorrnadir ):
N
P

R(l, t) =

IRlimb − IRnadir

i=1
N
P

.

IRcorrlimb − IRcorrnadir

i=1
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(2.3)

These ratios were accumulated as a function of latitude (l) and season (t). They
found that these ratios smoothly varied from 1.0 in the tropics to approximately 0.5
at 60◦ N/S. In general, they concluded that over-correction of limb effects using this
method occurs during a mid-latitude cold event and during the night when the landcloud temperature contrast is weaker than average climate values. Under-correction
occurs when the reverse is true, during a midlatitude warm event and during the day
when the land-cloud temperature contrast is stronger than average climate values.
Goldberg et al. (2001) developed a method to correct for limb effects in AMSUA data, first by using a purely statistical approach similar to the method described
by Wark (1993). Then they calculated correction coefficients using a physical approach, in which they combined weighting functions from off-nadir to best fit the
nadir weighting functions. They found that the coefficients found by the physical approach were much different than those found by the statistical approach. Therefore,
Goldberg et al. (2001) used a hybrid approach, which used the physical coefficients
as constraints for the statistical model. In their analysis, they found that TB s over
water tend to increase with increasing view angle, because the atmosphere is generally
warmer than the ocean water, and the microwave channel observes less of the surface
due to the increase in optical path length. Over land, the opposite was true, since
the surface is usually warmer than the atmosphere. Limb-cooling arises in channels
peaking in the troposphere because the temperature profile generally decreases with
height. In the stratosphere, the opposite occurs because the temperature is generally increasing with height. The Goldberg et al. (2001) limb correction algorithm
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is currently applied to National Oceanic and Atmospheric Administration (NOAA)
operational products (Liu and Weng, 2007).
Liu and Weng (2007) used NOAA-16 and -18 satellite measurements to verify
the limb correction results of Goldberg et al. (2001) using coincident satellite pairs.
They found that the limb correction restored temperature gradients in the satellite
imagery, supporting the utility of the limb correction algorithm. However, they mentioned that their study provides support for the limb correction algorithm rather than
a comprehensive validation (Liu and Weng, 2007). Teo and Koh (2010) performed a
limb correction of AIRS (Atmospheric Infrared Sounder) radiances using the model
described in Goldberg et al. (2001). Prior to this study, nadir corrections had mostly
been performed for sensors with low spectral resolution, so there were very few addressing hyperspectral sounders such as AIRS, IASI (Infrared Atmospheric Sounding
Interferometer), or CrIS (Cross-Track Infrared Scanner).

2.5

Cloud Effects

The presence of clouds complicates the correction of limb effects, due to both
cloud temperature variations at different view angles and a decrease in optical path
length. Consider a case where a cloud at mid-latitudes is being observed by a geostationary satellite and polar-orbiting satellite simultaneously. While the geostationary
satellite observes the side of the cloud facing the equator, the polar orbiting satellite
observes either the top of the cloud or the east/west side of the cloud, depending
on the location of the cloud with respect to the satellite track and sensor scanning
strategy. In any case, the polar-orbiting satellite is observing a different part of the
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cloud than the geostationary satellite. Since apparent cloud shape and temperature
can vary significantly depending on the part of the cloud being observed, the sensors
will likely measure a different TB . Additionally, clouds develop above a significant
portion of the absorbing atmosphere, resulting in a shorter optical path length for
cloudy regions than for clear regions at a given view angle. Since limb effects are
typically corrected assuming the optical path length of a clear region, limb-cooling is
often over-corrected in regions with certain types of clouds, particularly thin cirrus
Lienesch and Wark (1967). This cloud effect can be corrected by deriving cloud-top
pressure and recalculating a more accurate optical path length before applying the
limb correction. However, since the RGB composites that this study focuses on are
primarily interested in clear regions and cloud/aerosol features relatively close to the
surface, this study uses clear sky optical path lengths for limb corrections in both
clear and cloudy regions.
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CHAPTER 3

METHODOLOGY

The limb correction methodology described in this chapter is largely based on
approaches from previous studies and tuned to support RGB applications. Previous
studies (e.g., Soden and Bretherton, 1993, 1996) calculated the change in TB from
nadir to the limb using data from colocated satellite pairs. They then used the linear
best fit parameters between the change in TB and the natural logarithm of the cosine of
θZ as limb correction coefficients to correct IR imagery as a function of satellite zenith
angle. For this limb correction methodology, instead of using colocated satellite pairs
to calculate the change in TB , top of atmosphere (TOA) radiances were simulated
for satellite sensors at varying view angles using a radiative transfer model. These
simulated radiances were then used to calculate the change in TB from nadir to the
limb and derive the limb correction coefficients.

3.1

Simulation of Brightness Temperatures in CRTM

Developing a generalized limb correction methodology which can be applied
across all sensors and channels relies extensively on the use of a radiative transfer model. The Joint Center for Satellite Data Assimilation (JCSDA) Community
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Radiative Transfer Model (CRTM; Han et al. (2006)) is a radiative transfer model
which can simulate TOA radiances for operational satellite sensors and calculate
other parameters, such as TB . CRTM models the impact of atmospheric and surface
constituents affecting the observed satellite radiances at various satellite view angles
for pre-defined surface types and atmospheric profiles of temperature, water vapor,
ozone, and other trace gases. Users can also specify model geometry, including solar
zenith angle, satellite zenith angle, source azimuth angle, and satellite azimuth angle.
Theoretically, CRTM can be used to simulate the measured brightness temperature
for a satellite sensor in any domain given a representative atmospheric profile, e.g.,
SEVIRI in the midlatitudes over the continental United States. This flexibility allows
CRTM to be used to simulate TB s for the purposes of limb correction.
Atmospheric profiles and surface variables to be used as input into the CRTM
forward model were obtained from the European Center for Medium-Range Weather
Forecasting (ECMWF; Dee and Coauthors (2011)) global reanalysis (ERA-Interim).
Temperature, ozone mass mixing ratio, and specific humidity profiles, as well as
surface skin temperature and total cloud cover information, were collected from the
0000 UTC, March 2013 through February 2014 model reanalysis at a 0.75◦ resolution.
To limit the number of profiles processed in CRTM, a subset of cloud-free atmospheric
profiles were chosen from the ERA-Interim dataset. Cloud-free profiles were identified
as having total cloud cover less than 0.0001%. Using a 15◦ latitude by 15◦ longitude
grid, a maximum of five cloud-free profiles were randomly selected from each gridbox
for each month from March 2013 through February 2014. For gridboxes with less
than five cloud-free profiles in a month, all cloud-free profiles were selected. This
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Figure 3.1: Distribution of ECMWF water (blue) and land (red) profiles by latitude
and Julian day.

resulted in a total of 12,657 cloud-free profiles that represented the seasonal and
latitudinal variations in temperature, water vapor, and ozone. Additionally, these
12,657 profiles were separated based on surface type into land (3670) and water (8987)
profiles. As a result, a wide range of possible surface and atmospheric conditions
were represented. The latitudinal and seasonal sampling of the selected ECMWF
profiles is shown in Figure 3.1. Due to the inability of models to perfectly portray
real, three-dimensional variations in the atmosphere at scales consistent with the
resolution of satellite imagery, uncertainty exists within the ECMWF temperature,
specific humidity, and ozone mixing ratio profiles. This uncertainty is carried into the
CRTM TB simulations.
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Before running the CRTM forward model, the atmosphere, geometry, and
surface structures were defined. The CRTM atmosphere consisted of 59 atmospheric
layers determined by the 60 levels of the ECMWF pressure, temperature, specific
humidity, and ozone mass mixing ratio profiles. Water vapor and ozone were specified
as the only two atmospheric absorbers in the CRTM atmosphere structure, and the
atmosphere was set to be cloud- and aerosol-free.
The geometry structure determines the geometric orientation of the satellite
and sun with respect to the earth. For these simulations, the source (solar) zenith
angle was set to 100◦ (below the horizon) to remove solar reflection and isolate only
the thermal component of the Group 1 (3.7 µm) shortwave window channels. The
solar azimuth angle and satellite azimuth angle were set to 0◦ . For each profile,
simulations were completed at several sensor zenith angles, ranging from 0◦ to 60◦
in 10◦ intervals. The satellite view angle was calculated from the satellite zenith
angle using Equation 2.1. The CRTM forward model uses one of two transmittance
algorithms, the Optical Depth in Absorber Space (ODAS) and the Optical Depth
in Pressure Space (ODPS; JCSDA (2013)). For this study, ODAS was used, which
follows the plane parallel assumption and maintains a constant local zenith angle
with height. As a result, effects due to Earth’s curvature are ignored. The potential
impacts of ignoring Earth’s curvature effects in correcting for limb effects are discussed
in Section 4.1.
The surface structure specifies the surface properties to be used by CRTM.
Each ECMWF profile was previously defined as being either 100% land or 100%
water, and depending on this surface type, the corresponding CRTM land or ocean
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surface type was selected. The water or land surface temperature was determined by
the skin temperature of the ECMWF profile. The CRTM default value was used for
all other surface properties in the surface structure. Once the CRTM structures were
properly defined, TB simulations were completed for each ECMWF profile at varying
satellite view angles. In the real atmosphere, vertical and horizontal variations in
temperature, specific humidity, and ozone mixing ratio are observed with increasing
satellite view angle. Therefore, by assuming atmospheric homogeneity with increasing
satellite view angle and the effects of the plane parallel assumption described above,
the magnitude of the limb effect modeled by CRTM may be less than the actual
limb effects observed in satellite imagery. TB simulations were completed for the IR
channels in Groups 1-7 from Aqua and Terra MODIS, which correspond to the IR
channels needed to create the Air Mass, Dust, and NTM RGB composites.

3.2

Determining CDBS

In order to account for CDBS and provide consistent RGB composite imagery,
the individual channel measurements from all sensors were adjusted to match the
channel measurements of a single reference sensor, using an approach similar to Cao
et al. (2004) and Wu et al. (2012). For this study, SEVIRI was used as the reference sensor due to its similarities with GOES-R ABI. To determine CDBS, data
from simultaneous nadir overpasses of Terra/Aqua MODIS and SEVIRI were collected. Aqua and Terra MODIS 1 km 5-min Level 1B calibrated radiances were
retrieved from the Land Atmosphere Near real-time Capability for EOS (LANCE)
data archive (GSFC, 2015). Meteosat-10 SEVIRI fulldisk Level 1.5 image data were
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obtained from EUMETSAT via NOAA’s Satellite and Information Service (NESDIS) Satellite Applications and Research (STAR). The CDBS between SEVIRI and
Aqua/Terra MODIS was determined by calculating the Aqua/Terra minus SEVIRI
BTD over cloud-free, water surfaces at colocated near-nadir points near the equator.
An example of this approach was shown previously in Figure 2.9. The CDBS values
used in this study are largely based on the average BTD values of multiple near-nadir
points calculated from comparing Terra and Aqua MODIS swaths to the corresponding SEVIRI imagery at 2230 UTC 28 October 2014 and 0130 UTC 29 October 2014,
respectively. Even though the CDBS values were calculated from a single case, multiple cases, including those shown in Section 4.4, were examined to verify these CDBS
values.

3.3

Correction of MODIS IR Imagery

Limb correction coefficients, which account for the increasing optical path
length, were derived separately for each sensor and sensor channel based on the CRTM
simulated brightness temperatures (TBmodel ). For each sensor channel, TBmodel were
binned by latitude (15◦ bands) and month to account for latitudinal and seasonal
variability, similar to Joyce et al. (2001). Then, in order to identify the relationship
between limb-cooling and increasing satellite zenith angle, the linear regression between the natural logarithm of the cosine of θZ and the change in TBmodel from nadir
to θZ (hereafter referred to as the θZ –TB relationship) was calculated from 0◦ –60◦ .
These regression plots are described in Section 4.1.
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Once the CDBS values and limb correction coefficients for each IR channel were
determined, swaths of MODIS IR imagery were corrected for limb effects and CDBS.
The results of these corrections in individual IR channels are shown in Sections 4.3.1
and 4.3.2, respectively. Corrected RGB composites, presented in Section 4.4, were
created using the EUMETSAT RGB recipes for SEVIRI described previously in Section 2.2. For these case examples, since limb effects are minimal in SEVIRI imagery
near nadir, the TB that is measured by SEVIRI can be assumed to be the actual TB of
the scene. Therefore, the uncorrected and corrected MODIS imagery was compared
to corresponding SEVIRI imagery in order to validate the limb correction results.
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CHAPTER 4

RESULTS

4.1

Limb Correction Coefficients

Regression plots for Aqua MODIS bands 27 (6.7 µm) and 31 (11.0 µm) are
shown in Figures 4.1 and 4.2, respectively. These plots demonstrate that the θZ –TB
relationship can be accurately described by the quadratic equation

Tθz − T0 = C2 (ln(cos θz ))2 − C1 (ln(cos θz )) ,

(4.1)

where T0 is the TBmodel at nadir, TθZ is the TBmodel at θZ , and the quadratic best fit
parameters, C2 and C1 , are defined as the limb correction coefficients. Although not
shown, the TBmodel in each plot were separated further based on season to account for
seasonal variability in airmass characteristics. Since the TBmodel were separated by
latitude and season to calculate the limb correction coefficients, the limb correction
coefficients also vary latitudinally and seasonally.
For band 27 (6.7 µm) in Figure 4.1, the r2 correlation for the quadratic regression is greater than 0.95 for all latitude bands. When the profiles are further
divided based on month, the r2 value for the quadratic regressions increase to near

35

0.99, indicating that the variability seen in Figures 4.1 and 4.2 is primarily due to seasonal variability. The seasonal variability of the limb correction coefficients is shown
in Figures 4.3 and 4.4. Note that for the water vapor channel (6.7 µm; Figures 4.1
and 4.3a), C2 is approximately zero, reducing the quadratic θZ –TB relationship to a
nearly linear relationship, similar to what was shown by Soden and Bretherton (1993,
1996).
Even though the quadratic fits in Figures 4.1 and 4.2 describe the seasonal and
latitudinal variations in the simulated TB s fairly well, they do not perfectly describe
all profiles. The profiles that differ greatly from the average for a given latitude and
month are defined as outlier profiles (i.e., profiles that result in TBmodel that lie beyond
the 5th and 95th percentiles). Since the quadratic fit does not accurately describe
the outlier profiles, error is introduced when the quadratic fit is applied to correct
for limb effects. For the water vapor and ozone absorption channels, these errors
result in changes in corrected brightness temperature (TBcorr ) at θZ = 65◦ of 1.0 K
in the tropics to up to 5.0 K at the poles. These errors are mostly due to synoptic
variability, which can cause specific humidity and temperature profiles to vary even
within a given latitude band and month, particularly in the mid-latitudes during the
spring and fall.
For the IR window channels, the quadratic fit errors range from 1.0 K in the
tropics to 3.0 K at the poles. These errors are largely due to surface temperature
differences between land and ocean. In Figure 4.2, the limb-cooling in land and water
profiles are comparable in the tropics and can be represented by the same regression,
with a r2 correlation of approximately 0.80. However, at higher latitudes, the land
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profiles show significantly less limb-cooling than the water profiles, and the r2 value is
significantly reduced. Since there are large seasonal variations in surface temperature
at high latitudes, the r2 value does increase when the profiles are further divided
based on season, but a strong separation between land and water profiles still exists.
Therefore, the errors in the limb correction coefficients are larger at high latitudes
than in the tropics due to the separation between land and water profiles. To reduce
this error, separate quadratic fits for each surface type would be needed so that the
limb effect is more accurately described.
In order to observe the latitudinal and seasonal variations of the limb correction
coefficients, contour plots of C2 and C1 with respect latitude and Julian day are
shown in Figures 4.3 and 4.4. Subfigures (a) and (b) show these contour plots for
Aqua MODIS (a) water vapor band 27 (6.7 µm) and (b) IR window band 31 (11.0
µm). Note that the contour plots for the calculated Terra MODIS limb correction
coefficients are nearly identical to the Aqua MODIS limb correction coefficients, and
for this reason, the Aqua MODIS limb correction coefficients are used for both MODIS
instruments in this limb correction methodology. From each contour plot, a best
fit, 9th-order polynomial surface was derived so that the limb correction coefficient
could be accurately calculated based on any given latitude and Julian day. These
polynomial surface plots are shown in (c) and (d) for bands 27 (6.7 µm) and 31 (11.0
µm), respectively. The difference between the contoured limb correction coefficients
and the best fit polynomial surface are shown in (e) and (f). These difference plots
demonstrate that the best fit surfaces describe the contour plots at all locations within
±0.75, with most locations less than ±0.25.
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Figure 4.1: Aqua MODIS band 27 (6.7 µm) water vapor absorption regression plots
for water (blue) and land (red) profiles at the tropics (0–15◦ N; top) and mid-latitudes
(45–60◦ N; bottom) for all seasons.
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Figure 4.2: Aqua MODIS band 31 (11.0 µm) IR window regression plots for water
(blue) and land (red) profiles at the tropics (0–15◦ N; top) and mid-latitudes (45–60◦ N;
bottom) for all seasons.
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Due to the ln(cos θZ ) dependence of the limb correction coefficients, a 10%
change in the magnitude of the limb correction coefficients results in a change in
TBcorr at θZ = 65◦ (edge of the MODIS swath) of less than 0.7 K for all IR window
channels, 1.0 K for the water vapor absorption channels, and 1.5 K for the ozone
absorption channel. However, as shown by Figures 4.3 and 4.4, seasonal variations
in the limb correction coefficients for a given latitude band can be significant and are
typically greater than 10%. This is especially true where seasonal changes in specific
humidity and temperature are substantial. If the limb correction coefficients were
calculated only with respect to latitude by using an annual mean, errors in the limb
correction coefficients would relate to changes in the TBcorr at θZ = 65◦ of 1.0 K
for IR window channels to as much as 3.5 K for water vapor and ozone absorption
channels. Therefore, to avoid these errors, seasonal variations must be accounted for
in the calculation of the limb correction coefficients.
As mentioned previously, these limb correction coefficients do not account for
effects due to the curvature of the Earth, which further lengthens the optical path
length. To determine the error caused by ignoring Earth’s curvature in the calculation of the limb correction coefficients, limb correction coefficients were also calculated
from TBmodel calculated in CRTM using the ODPS transmittance algorithm. The difference between the ODPS limb correction coefficients and the ODAS limb correction
coefficients (transmittance algorithm difference (TAD)) represents not only the error
from ignoring curvature effects, but also describes the contribution of curvature effects
to limb-cooling. For the IR window channels (3.7 µm, 8.5 µm, 11.0 µm, and 12.0 µm),
the TAD ranges from 1-2 K. For the water vapor and ozone absorption channels (27
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(6.7 µm), 28 (7.3 µm), and 30 (9.7 µm), respectively), the TAD is approximately
1.0 K. Since these errors are small and are significantly less than the overall limbcooling observed in uncorrected IR imagery, ignoring curvature effects should have
minimal impact on the interpretation of corrected single channel IR imagery and RGB
composites.

4.2

CDBS Values

The CDBS values for the MODIS bands corresponding to groups 1-7, obtained
following the methodology in Section 3.2, are shown in Table 4.1. For MODIS bands
20 (3.7 µm), 30 (9.7 µm), and 32 (12.0 µm), the CDBS with respect to SEVIRI is
equal for both Terra and Aqua MODIS. The largest CDBS between Terra and Aqua
MODIS is for band 27 (6.7 µm), where Aqua MODIS is 3.1 K warmer than Terra
MODIS. The values in this table correspond to β in Equation 4.2. Note that the
CDBS values for bands 20 (3.7 µm) and 32 (12.0 µm) differ from those calculated by
Doelling et al. (2004) by several Kelvin. Seasonal variations in CDBS values at the
tropics are less than ±0.5 K for all seven IR bands listed here, indicating that the use
of a single, averaged offset for CDBS is a good approximation of sensor differences.
Other variations may exist due to latitude and surface temperature but these were
not examined in this study, since colocated near-nadir points between MODIS and
SEVIRI do not exist outside of the tropics.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3: Aqua MODIS second-order limb correction coefficients (C2 ) for channel
27 (a) and channel 31 (b). The 9th-order, best fit polynomial surfaces for channel 27
and channel 31 are shown in (c) and (d), respectively. The difference between the best
fit polynomial surface and the contoured, second-order limb correction coefficients for
channel 27 and channel 31 are shown in (e) and (f), respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.4: Aqua MODIS first-order limb correction coefficients (C1 ) for channel 27
(a) and channel 31 (b). The 9th-order, best fit polynomial surfaces for channel 27
and channel 31 are shown in (c) and (d), respectively. The difference between the
best fit polynomial surface and the contoured, first-order limb correction coefficients
for channel 27 and channel 31 are shown in (e) and (f), respectively.
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Table 4.1: Terra/Aqua MODIS minus SEVIRI CDBS values (β) for bands 20, 27-32
(Groups 1-7).
Group
1
2
3
4
5
6
7
4.3

Band
20
27
28
29
30
31
32

Terra MODIS
1.75
0.00
−0.50
0.90
1.55
−0.25
0.30

Aqua MODIS
1.75
3.10
−0.10
0.10
1.55
−0.15
0.30

Corrected IR Channels

Since the regression plots indicate that a quadratic relationship better represents the θZ –TB relationship than a linear relationship, a quadratic limb correction
equation was developed to correct for limb effects and CDBS. Swaths of MODIS IR
imagery can be corrected pixel by pixel using the equation

TBcorr = (TB − β) + C2 (φ, δ) (ln(cos θz ))2 − C1 (φ, δ) ln(cos θz ),

(4.2)

where TBcorr is the CDBS and limb-corrected brightness temperature, TB is the sensor
measured brightness temperature, β is the CDBS value from Table 4.1, φ is the latitude in degrees, δ is the Julian day, and C2 (φ, δ) and C1 (φ, δ) are the channel specific
limb correction coefficients as a function of φ and δ. The examples in Sections 4.3.1
and 4.3.2 show the results of this correction for individual IR channels.
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4.3.1

Water Vapor and Ozone Channels
Since water vapor and ozone are major absorbers in the atmosphere, limb

effects are significant in the water vapor and ozone channels. Figures 4.5, 4.6 and 4.7
show the impact of both the CDBS correction and limb correction on individual
infrared channels using the BTD between Aqua MODIS and SEVIRI at 0130 UTC
29 October 2014 for MODIS bands 27 (6.7 µm), 28 (7.3 µm), and 30 (9.7 µm),
respectively. In these figures, (a) shows the uncorrected Aqua MODIS and SEVIRI
BTD, (b) shows the CDBS corrected Aqua MODIS and SEVIRI BTD, and (c) shows
the corrected (limb- and CDBS corrected) Aqua MODIS and SEVIRI BTD. The
CDBS correction adjusts the Aqua MODIS swath to match SEVIRI at nadir and
provides a clearer view of the magnitude of limb-cooling present. The anomalous
cooling due to limb effects ranges from 5–10 K at the edge of the swath in the water
vapor channels and 10–15 K in the ozone absorption channel.
Although the limb correction mostly corrects the anomalous cooling due to
limb effects, it also over-corrects by 1-2 K on the limb in the water vapor channels
and 2-4 K in the ozone channel (9.7 µm), resulting in Aqua MODIS measuring warmer
TB than SEVIRI on the limb. However, even with this over-correction, the limb effect
is significantly reduced, and the anomalous gradient from nadir to the limb is much
more gradual than in the uncorrected imagery. There is also an anomalous gradient
from the equator poleward in all of these figures, where Aqua MODIS is warmer than
SEVIRI at the mid-latitudes. This is due to limb-cooling in the SEVIRI imagery,
which noticeably increases beyond 30◦ N/S.
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(a)

(b)

(c)

Figure 4.5: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 27 minus SEVIRI band 5 BTD.

(a)

(b)

(c)

Figure 4.6: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 28 minus SEVIRI band 6 BTD.
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(a)

(b)

(c)

Figure 4.7: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 30 minus SEVIRI band 5 BTD.

In addition to looking at the BTD between Aqua MODIS and SEVIRI in
the individual IR channels, the individual channel imagery further illustrates the
significant improvement due to limb correction. Figures 4.8 and 4.9 compares the
uncorrected and corrected Aqua MODIS water vapor imagery to the corresponding
SEVIRI imagery for MODIS bands 27 (6.7 µm) and 28 (7.3 µm), respectively. The
transition between the uncorrected Aqua MODIS swath and the underlying SEVIRI
water vapor imagery is appreciable due to significant limb cooling. However, after
the limb correction is applied, the Aqua MODIS imagery blends into the underlying
SEVIRI image fairly well and enables the proper interpretation. Figure 4.10 shows
similar results for the Aqua MODIS ozone channel (band 30; 9.7 µm), where the limb
correction removes significant limb-cooling. The over-correction of limb effects in this
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(a)

(b)

(c)

Figure 4.8: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 27
water vapor image merged with SEVIRI band 5 water vapor image, (b) corrected
Aqua MODIS band 27 water vapor image merged with SEVIRI band 5 water vapor
image, and (c) original SEVIRI band 5 image.

channel is also noticeable, but still an improvement over the uncorrected imagery.
Methods of addressing this overcorrection are described in Chapter 5.
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(a)

(b)

(c)

Figure 4.9: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 28
water vapor image merged with SEVIRI band 6 water vapor image, (b) corrected
Aqua MODIS band 28 water vapor image merged with SEVIRI band 6 water vapor
image, and (c) original SEVIRI band 6 image.
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(a)

(b)

(c)

Figure 4.10: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 30
ozone image merged with SEVIRI band 8 ozone image, (b) corrected Aqua MODIS
band 30 ozone image merged with SEVIRI band 8 ozone image, and (c) original
SEVIRI band 8 image.
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4.3.2

IR Window Channels
The IR window channels (MODIS bands 20 (3.7 µm), 29 (8.5 µm), 31 (11.0 µm),

and 32 (12.0 µm)) experience little atmospheric absorption, resulting in a much less
limb-cooling. Figure 4.11 shows the uncorrected (a), CDBS corrected (c), and limbcorrected (c) Aqua MODIS and SEVIRI BTD for the shortwave window channel
(3.7 µm). The uncorrected Aqua MODIS-SEVIRI BTD indicates that Aqua MODIS
is warmer than SEVIRI in the shortwave window channel by approximately 2 K.
Moderate limb-cooling of 2-3 K is also present in this channel. The CDBS corrected
BTD shows that while the near nadir, cloud-free regions over the ocean were adjusted
to match SEVIRI, a large BTD still remains in cloudy regions and over land (i.e., the
Sahara desert). This warm CDBS in cloudy regions is likely due to cloud effects and
emissivity differences between 3.7 and 3.9 µm, neither of which are accounted for in
this limb correction methodology.
The BTD plots for MODIS bands 29 (8.5 µm), 31 (11.0 µm), and 32 (12.0 µm)
are shown in Figures 4.12, 4.13 and 4.14, respectively. These BTD plots are very
similar, with very little CDBS and minimal limb-cooling of 1-2 K. Although the limb
correction removes the 1-2 K of limb-cooling, it also over-corrects by an additional
1-2 K. As a result, the limb correction does little to reduce the BTD between the
measured and actual TB on the limb in these channels.
The advantages and disadvantages of using limb-corrected IR window channels
instead of uncorrected IR channels is shown Figure 4.15 to Figure 4.18. For MODIS
band 20 (6.7 µm; Figure 4.15) there is very little difference between the uncorrected
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(a)

(b)

(c)

Figure 4.11: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 20 minus SEVIRI band 4 BTD.

(a)

(b)

(c)

Figure 4.12: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 29 minus SEVIRI band 7 BTD.
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(a)

(b)

(c)

Figure 4.13: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 31 minus SEVIRI band 9 BTD.

(a)

(b)

(c)

Figure 4.14: 0130 UTC 29 October 2014 (a) uncorrected, (b) CDBS corrected, and
(c) limb-corrected Aqua MODIS band 32 minus SEVIRI band 10 BTD.
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and corrected imagery, in that both successfully blend into the underlying SEVIRI
imagery and visible improvements are minimal. The positive impact of limb correction
is also noticeable in the MODIS band 29 (8.5 µm) imagery in Figure 4.16, where the
uncorrected Aqua MODIS imagery is clearly visible against the SEVIRI imagery.
The corrected Aqua MODIS imagery more closely matches SEVIRI and provides an
uninterrupted transition between the imagery from both sensors. For MODIS bands
31 (11.0 µm) and 32 (12.0 µm), the corrected imagery shows little improvement
over the uncorrected imagery because the limb correction essentially over-corrects for
limb-cooling by the same magnitude as the original limb-cooling. However, this overcorrection is associated only with cloudy regions, where clouds decrease the optical
path length. In the clear regions, there is very little, if any, over-correction, indicating
that the limb correction for IR window channels performs well for clear scenes.
In all seven IR channels presented here, the limb-correction over-corrects for
the limb effects. However, this can be attributed to the variability in limb correction
coefficients shown by the regression plots in Figures 4.1 and 4.2. The resultant BTD
between the corrected and actual TB for this case is approximately 1-2 K for all channels, which is consistent with profiles in the regression plots one standard deviation
below the mean. For other MODIS swaths, the limb correction actually leads to an
under-correction of limb-cooling in for these same channels, consistent with profiles
described by larger limb correction coefficients in the regression plots.
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(a)

(b)

(c)

Figure 4.15: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 20
image merged with SEVIRI band 4 image, (b) corrected Aqua MODIS band 20 image
merged with SEVIRI band 4 image, and (c) original SEVIRI band 4 image.
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(a)

(b)

(c)

Figure 4.16: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 29
image merged with SEVIRI band 7 image, (b) corrected Aqua MODIS band 29 image
merged with SEVIRI band 7 image, and (c) original SEVIRI band 7 image.
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(a)

(b)

(c)

Figure 4.17: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 31
image merged with SEVIRI band 9 image, (b) corrected Aqua MODIS band 31 image
merged with SEVIRI band 9 image, and (c) original SEVIRI band 9 image.
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(a)

(b)

(c)

Figure 4.18: 0130 UTC 29 October 2014 (a) uncorrected Aqua MODIS band 32
image merged with SEVIRI band 10 image, (b) corrected Aqua MODIS band 32
image merged with SEVIRI band 10 image, and (c) original SEVIRI band 10 image.
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4.4

Corrected RGB Composites

Limb-corrected RGB composites are created by combining limb-corrected IR
channels with the appropriate RGB recipe. In the following sections, several case
studies are presented to demonstrate the improved functionality of corrected RGB
composites.

4.4.1

Air Mass RGB
Since the Air Mass RGB uses water vapor and ozone absorption channels,

the impact of limb-cooling on the interpretation of this product is appreciable. A
comparison of the uncorrected and corrected Aqua MODIS Air Mass RGB with the
corresponding SEVIRI Air Mass RGB from 0045 UTC 29 December 2014 is shown in
Figure 4.19. The uncorrected Aqua MODIS Air Mass RGB shows significant limbcooling, indicated by very little green contribution near the Aqua swath edges. The
limb-corrected Aqua MODIS Air Mass RGB demonstrates a significant improvement
over the uncorrected Aqua MODIS Air Mass RGB and presents an RGB coloring consistent with what is shown in the SEVIRI Air Mass RGB. The over-correction in the
ozone channel creates the bright green highlight along the edges of the limb-corrected
Aqua MODIS swath. However, even with this over-correction, the uncorrected Aqua
MODIS Air Mass RGB is a significant improvement over the uncorrected RGB. As
a result, the ability to properly interpret the Aqua MODIS Air Mass RGB is greatly
improved.
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Figure 4.20 compares the uncorrected Terra and Aqua MODIS Air Mass RGBs
presented in Figure 2.4 with corrected the RGB composites. The feature located at
the limb in the red box in the corrected Terra MODIS Air Mass RGB, which was
incorrectly interpreted as cold, dry air in the uncorrected RGB, can now be correctly
interpreted as warm, tropical air, matching the same feature in the Aqua MODIS
Air Mass RGB. Note that since the limb correction removed CDBS and limb effects
from both the Terra and Aqua MODIS Air Mass RGBs, the RGB coloring is more
consistent and the corrected RGB composites can be easily compared and used jointly
for analysis.

4.4.2

Dust RGB
A comparison of the uncorrected and corrected Aqua MODIS Dust RGB to

the corresponding SEVIRI Dust RGB from 1315 UTC 31 December 2014 is shown in
Figure 4.21. Since the channels used in the Dust RGB are mostly IR window channels
and therefore less sensitive to water vapor, the limb effect is not as pronounced.
However, limb-cooling is still noticeable along the edges of the uncorrected Aqua
MODIS swath. After the limb correction is applied, the limb-cooling is removed, and
the Aqua MODIS Dust RGB smoothly transitions to the SEVIRI Dust RGB. Also,
the dust signatures (magenta) in the corrected Aqua MODIS Dust RGB more closely
match SEVIRI than in the uncorrected Dust RGB.
The differences in the uncorrected Terra and Aqua MODIS Dust RGBs in
Figure 4.22 are due almost entirely to CDBS, since limb-cooling is minimal. The
uncorrected Terra MODIS Dust RGB has noticeably more red coloring than the
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(a)

(b)

(c)

Figure 4.19: 0045 UTC 29 December 2014 (a) uncorrected Aqua MODIS Air Mass
RGB merged with SEVIRI Air Mass RGB, (b) corrected Aqua MODIS Air Mass
RGB merged with SEVIRI Air Mass RGB, and (c) original SEVIRI Air Mass RGB
(Elmer et al., 2015).
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(a)

(b)

(c)

(d)

Figure 4.20: 27 October 2012 (a) uncorrected Terra MODIS (0305 UTC) Air Mass
RGB, (b) uncorrected Aqua MODIS (0725 UTC) Air Mass RGB, (c) corrected Terra
MODIS Air Mass RGB, and (d) corrected Aqua MODIS Air Mass RGB of a developing Hurricane Sandy. Several Air Mass RGB features are indicated by the colored
arrows. Note the significant color differences between the regions in the red boxes in
(a) and (b) (Elmer et al., 2015).
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Aqua MODIS Dust RGB. The CDBS correction accounts for the CDBS between
Terra and Aqua MODIS, reducing the red coloring in the Terra MODIS Dust RGB.
As a result, the corrected Dust RGBs from Terra and Aqua MODIS are very similar.
The reduction in the red coloring in the corrected Terra MODIS Dust RGB also
enhances the dust signature and cloud detection, thereby enabling more confident
interpretation.

4.4.3

Night Microphysics RGB
A comparison of the uncorrected and corrected Terra MODIS NTM RGB with

the corresponding SEVIRI NTM RGB from 2230 UTC 17 February 2015 is shown
in Figure 4.23. Like the Dust RGB, the NTM RGB also uses three IR window
channels, so limb-cooling is minimal. However, the CDBS correction between the
shortwave window channels (MODIS band 20 (3.7 µm) and SEVIRI band 4 (3.9
µm)) is significant. In Figure 4.23a, the uncorrected Terra MODIS swath is clearly
visible over the SEVIRI NTM RGB due to a noticeable absence of green coloring.
The corrected Terra MODIS swath in Figure 4.23b shows that the CDBS correction
greatly improved the MODIS imagery to more closely match that of SEVIRI.
The CDBS values in Table 4.1 are identical between Terra and Aqua MODIS
for the IR window channels used in the NTM RGB. Therefore, it is expected that the
Terra and Aqua MODIS NTM RGBs will appear very similar, regardless of whether
they have been corrected for limb effects. Figure 4.24 compares uncorrected and
corrected Terra and Aqua MODIS NTM RGB composites from 19 February 2015
over the U.S. West Coast. The shortwave window (MODIS band 20 (3.7 µm)) CDBS
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(a)

(b)

(c)

Figure 4.21: 1315 UTC 31 December 2014 (a) uncorrected Aqua MODIS Dust RGB
merged with SEVIRI Dust RGB, (b) corrected Aqua MODIS Dust RGB merged with
SEVIRI Dust RGB, and (c) original SEVIRI Dust RGB (Elmer et al., 2015).
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(a)

(b)

(c)

(d)

Figure 4.22: 18 March 2014 (a) uncorrected Terra MODIS (0505 UTC) Dust RGB,
(b) uncorrected Aqua MODIS (0740 UTC) Dust RGB, (c) corrected Terra MODIS
Dust RGB, and (d) corrected Aqua MODIS Dust RGB (Elmer et al., 2014).
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correction increases the green contribution in the corrected imagery, improving the
contrast between cirrus clouds and the underlying land and water surfaces, as well as
enhancing low clouds and fog.
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(a)

(b)

(c)

Figure 4.23: 2230 UTC 17 February 2015 (a) uncorrected Terra MODIS NTM RGB
merged with SEVIRI NTM RGB, (b) corrected Terra MODIS NTM RGB merged with
SEVIRI NTM RGB, and (c) original SEVIRI NTM RGB.
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(a)

(b)

(c)

(d)

Figure 4.24: 19 February 2015 (a) uncorrected Terra MODIS (0550 UTC) NTM
RGB, (b) uncorrected Aqua MODIS (1010 UTC) NTM RGB, (c) corrected Terra
MODIS NTM RGB, and (d) corrected Aqua MODIS NTM RGB.
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CHAPTER 5

CONCLUSIONS

This study hypothesized that limb-cooling could be removed from IR imagery
using limb correction coefficients that account for an increase in optical path length
and changes in airmass characteristics, such as temperature and water vapor content.
Using CRTM simulated brightness temperatures, limb correction coefficients were
derived to account for the increase in optical path length with increasing view angle.
As demonstrated by the case examples in Section 4.4, limb-cooling was removed from
individual IR channels using latitudinally and seasonally dependent limb correction
coefficients, and sensor differences were accounted for using a average, constant offset
value for each channel. The limb correction was most effective for the water vapor
and ozone absorption channels, where significant limb-cooling was present in the
uncorrected imagery. In the 0130 UTC 29 October 2014 uncorrected water vapor and
ozone imagery, the measured TB at the limb was 5-10 K cooler than the actual TB ,
which was determined from the SEVIRI imagery. After the correction, the measured
TB at the limb was 1-2 K warmer than the actual TB . As a result, the error due
to the limb effect was reduced by 80% in these channels. For window channels, the
limb correction had mixed results. In the uncorrected imagery, the measured TB at
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the limb was 1-2 K cooler than the actual TB . After the correction, the measured
TB at the limb was 1-2 K warmer than the actual TB . As a result, the error due
to limb-cooling was reduced very little. However, when the corrected IR channels
are used to produce corrected RGB composites, the ability to correctly interpret the
imagery is greatly improved, and the composites could be correctly interpreted at the
edge of the swath. The CDBS correction using constant channel offsets drastically
reduced the BTD between MODIS and SEVIRI by as much as 3 K. These CDBS
values provided a robust CDBS correction by consistently correcting for CDBS in
multiple cases spanning different seasons and latitudes.
Limb-corrected RGB composites provide multiple advantages over uncorrected
RGB composites. Most importantly, corrected RGB composites more accurately represent the atmosphere and surface. RGB features on the limb can be interpreted with
higher confidence, since forecasters no longer have to determine whether a change in
coloring is due to the limb effect or an actual atmospheric feature. As a result, operational forecasters have improved situational awareness and can produce more informed
forecasts. Additionally, limb correction allows for the full RGB image to be utilized,
no longer constraining the interpretation to near nadir points. This improves the
spatial coverage of accurate RGB imagery and increases the number of useful observations. The CDBS correction, as shown by the numerous SEVIRI-MODIS comparisons in Section 4.4, allows for a seamless transition between overlaid or hybrid RGB
composites. Additionally, corrected RGB composites enable the easy comparison of
RGB composites from different sensors, such as Terra and Aqua MODIS. Furthermore, they allow RGB composites derived from polar-orbiters at high latitudes to be
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combined with geostationary sensor RGB composites to provide global coverage of
inter-calibrated RGB imagery.
Even though the case examples focus entirely on the correction of MODIS
RGB composites, this limb correction methodology can also be applied to additional
IR channels and sensors. As long as the limb correction coefficients and sensor differences are properly calculated, any IR channel from any imaging sensor can be
corrected for limb effects and CDBS. Work has already begun to apply this correction to Suomi NPP Visible Infrared Imaging Radiometer Suite (VIIRS). It is also
expected that correcting RGB composites from geostationary satellite sensors, such
as SEVIRI and GOES-R ABI can improve their representation of atmospheric features at midlatitudes, especially Europe.
To further improve this limb correction methodology, further validation of
the limb correction coefficients is needed and additional case examples need to be
examined. For this study, the limb correction climatology was developed from only
one year (March 2013 – February 2014) of ECMWF profiles, but a more accurate
climatology for each latitude can be developed by increasing this range to several
years. Validation of the limb correction coefficients can be accomplished by using
global reanalysis from a model other than ECMWF, such as the Global Forecast
System (GFS). GFS profiles, which may represent upper-level water vapor and ozone
differently than ECMWF profiles, can be used to replicate the process to calculate the
limb correction coefficients and verify the accuracy of the limb correction coefficients
derived from the ECMWF profiles. Additionally, to verify that this limb correction
methodology works in all cases, real-time evaluation and assessment of corrected
71

MODIS RGB composites is needed. This will also improve the accuracy of the sensor
difference calculations by providing more sample cases to compare with SEVIRI.
Future work can also address cloud effects in order to further improve the correction
methodology and limit errors, especially in the IR window channels.
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